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INTRODUCTION 
Magnetic resonance imaging (MRI) has become the premier tool for the non-
destructive evaluation of soft tissue in living systems [1]. Established liquid-state MRI 
strategies are generally found to be inappropriate for the imaging of rigid solids, because the 
linewidth for nuclear magnetic resonance in solids is orders-of-magnitude larger than in 
liquids. Methods currently under development for the NMR imaging of solids either involve 
the use of very large (fringe-field) magnetic field gradients to encode spatial information over 
very short periods of time [2], or employ multiple-pulse line-narrowing techniques that 
prolong a solid's apparent transverse relaxation time [3-7]. In the latter methods, the magnetic 
field gradients may be much weaker, but must generally be pulsed synchronously with the line-
narrowing sequence. The benefits of implementing this are improved sensitivity and 
spectroscopic resolution. 
Our approach to the NMR imaging of solids involves the use of line-narrowing 
techniques in concert with pulsed radio-frequency (rf) magnetic field gradients [4,5]. A 
gradient coil delivers rf pulses, whose amplitude varies linearly over the sample, in the 
windows between pulses of the line-narrowing sequence (Figure 1). The pulses of the line-
narrowing sequence are delivered by a solenoid coil producing an rf magnetic field whose 
amplitude is constant across the sample. Our approach is a marriage of existing rf-gradient 
liquid-state MRI schemes [8] with solids-NMR line-narrowing techniques [9]. It is one of 
two approaches capable of removing all static spin interactions with state-of-the-art line 
narrowing sequences while retaining spatial information. The alternative method employs 
pulsed DC magnetic field gradients [6,7]. 
There are technical advantages to using pulsed rf gradients. In contrast to DC 
magnetic field gradients, the rapid switching of an rf magnetic field does not produce long-
lived eddy currents, whose effects are detrimental to the NMR imaging experiment [7, 10]. 
Furthermore, the electronics needed to produce the rapidly-switched rf pulses driving the 
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Figure 1. a) The line-narrowing pulses of SWW -16 delivered by the solenoid coil. The pulse 
phases are shown above, and all pulse amplitudes are rc/2, b) The rf gradient pulses delivered 
by the quadrupole coil. The amplitude of the gradient pulses varies linearly across the sample. 
The relative excitation phase of the two coils is~. 
gradient coil are already present in standard NMR spectrometers. A complicating factor in 
our imaging approach is that it requires that two resonant rf circuits of moderate quality factor 
(Q) tuned to the same frequency operate in close proximity to one another. In general it is 
difficult to excite such coils independently because the circuits are coupled through mutual 
inductance and capacitance. A method of active high-power Q-switching has been developed 
which eliminates this coupling and allows independent excitation of the line-narrowing and 
gradient coils [5]. 
MULTIPLE-PULSE LINE NARROWING 
Sources ofline broadening in solid samples can be classified as either static or 
dynamic. Static sources ofline broadening include chemical shift anisotropy, nuclear electric 
quadrupole interactions, direct dipole-dipole spin interactions (homo nuclear and 
heteronuclear), and susceptibility differences across the sample. The dynamic sources ofline 
broadening arise from motional relaxation processes. Linewidths for solid samples are 
typically on the order of 10kHz. Multiple-pulse line-narrowing techniques use strong rf 
pulses to toggle a sample's magnetization with respect to the Zeeman field in such a way as to 
make the various static spin-spin and spin-field line-broadening interactions appear to vanish 
[9,11]. In the case discussed here, what is left is a single resonance for the sample at the rf 
carrier frequency which decays with a time constant dependent on the remaining dynamic 
sources of broadening and experimental limitations of the line-narrowing sequence. 
A simple explanation of how multiple-pulse line narrowing works can be given using 
an average-energy argument. The classical Zeeman and dipolar Hamiltonians may be used to 
calculate spin-field and spin-spin interaction energies [11]. Consider first a single spin in a 
magnetic field pointed along the z-axis. If this spin's magnetization spends equal amounts of 
time pointing parallel and antiparallel to the Zeeman field, then its average spin-field 
interaction energy will be zero. Next, consider a dipolar-coupled spin pair where both 
magnetizations start along the Zeeman field. One finds that ifthe spins' magnetizations remain 
parallel to one another, and spend equal amounts of time along the x, y, and z axes, then their 
average high-field spin-spin interaction energy goes to zero. The common characteristic of 
the rf pulse sequences of interest in high-resolution solid-state imaging [3-7,8] are that they 
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toggle a sample's magnetization such that it spends equal amounts of time along the +z and-z 
axis, and equal time along the X, y, and z axis. The sequence is applied repetitively, with the 
magnetization sampled in appropriate windows. If the magnetization thus sampled is Fourier 
transformed, a spectrum is obtained with the effects of static spin interactions on the linewidth 
reduced by two to four orders of magnitude. 
Such a pulse sequence is shown in Figure lao All pulses are labeled by their rfphases. 
All of the pulses are "rc/2" pulses; for example, the "x" pulse rotates the sample's 
magnetization by 90 degrees about the x-axis in a rotating frame of reference that follows the 
spins' precession about the z-axis. A detailed quantum-mechanical analysis of the effect of the 
pulse sequence upon a sample's magnetization quantifies the sequence's ability to eliminate 
static interactions under practical conditions with finite-length, off-resonance pulses 
accompanied by symmetric phase transients [5]. The pulse sequence is also compensated 
against rfinhomogeneity, the presence of which causes spins in different parts of the sample to 
experience the line-narrowing pulses as more or less than rc/2 rotations .. 
Figure 2 shows the result of applying the line-narrowing sequence of Fig. la to a 
sample of adamantane. The unnarrowed spectrum taken at a proton Larmor frequency of 200 
MHz consists of a broad, 14 kHz component. The 16 pulse sequence with a cycle time of 
304.81.1s and a rcl2 time of2.7l.1s narrows the signal to less than 85 Hz. Having reduced the 
solid sample's linewidth, we now want a method for spatially encoding signal from different 
parts of the sample. It is not possible to employ static magnetic field gradients, since their 
effects are averaged to zero by the line-narrowing sequence in the same way that chemical 
shift evolution is averaged away. We employ pulsed rfmagnetic field gradients for spatial 
encoding. 
RF GRADIENTS 
The rf gradient pulses used in conjunction with the line narrowing sequence are 
shown in Figure lb. Together these synchronized sequences compromise the SWW-16 
imaging sequence [5]. The relative phase between the rf gradient pulses and the line-
narrowing pulses remains unspecified in the figure (shown as ~). Recall that the gradient 
pulse amplitude is spatially dependent. In a one-dimensional imaging experiment, the sequence 
is applied repetitively, and the magnetization is sampled at the end of each repetition. The 
signal thus acquired is Fourier transformed to yield a one-dimensional image. Not shown in 
the figure is a rc/2 preparation pulse, applied once before each imaging experiment. If the 
preparation pulse is a y pulse, the magnetization begins the experiment along the x axis. 
The net effect of the rf gradient pulses depends on the relative phase~. If 4> = 0, then 
the first three gradient pulses are -x pulses, the next three +x pulses and so on. Although the 
proximate effect of the gradient pulses is to nutate the magnetization in the y-z plane of the 
rotating frame, the net effect of these gradient pulses over one cycle is to rotate magnetization 
clockwise around the z-axis by an amount proportional to the total amplitude of the gradient 
pulses. In the Fourier-transformed spectrum, signal from each point in the sample appears at a 
frequency proportional to its position along the gradient. If instead 4> = 90 degrees, then the 
gradient pulses have no net effect on the magnetization, the evolution due to these pulses 
averaging to zero over the whole cycle. 
Gradient coils appropriate for 1D and 2D imaging are shown in Figure 3. Also shown 
is the solenoid which delivers the line-narrowing pulses. The coil of Figure 3a produces 
gradients dBxfdx and dBz"dz, the latter gradient having no significant effect on the sample's 
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Figure 2. Top: The unnarrowed (wide line) spectrum of adamantane. Bottom: the spectrum 
ofadamantane narrowed using the SWW-16 sequence of Figure lao 
magnetization. In aID imaging experiment, the relative phases of excitation of the gradient 
coil in Figure 1 a and the line-narrowing coil must be adjusted so that <I> = 0 for the gradient to 
have maximum effect. This 1D gradient coil allows us to image spin density projected onto 
the x-axis. A similar coil, but rotated by 45 degrees about its axis, allows rf-gradient imaging 
along the z-axis. 
The coil of Figure 3b produces gradients dBJdx and dByidy. When the coil is driven 
by an rf pulse, the two gradient fields oscillate 90 degrees out of phase with each other. It is 
thus possible to set the excitation phase of the gradient coil relative to the solenoid coil so that 
only one of the gradient components meets the condition <I> = O. With the x-gradient meeting 
this condition, the y-gradient necessarily oscillates with <I> = 90 degrees and thus will have no 
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Figure 3. Coils used in the rf-gradient line-narrowing NMR solid-imaging experiment. a) 
Coils for one dimensional imaging, b) Coils for two dimensional imaging . 
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Figure 4. A five-point sample ofadamantane in a boron nitride matrix. The boron nitride is 
invisible to the proton solids-imaging experiment. 
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effect upon the magnetization. We distinguish the pulse sequence in which the gradient is 
excited in this way as SWW-16-Gx Ifwe apply the sequence SWW-16-Gx in a 1D imaging 
experiment, we are able to image spin density projected onto the x-axis. By simply shifting 
the phase of the rfpulse exciting the gradient coil, the y-gradient now meets the condition 
<p = 0, and we designate this pulse sequence as SWW-16-Gy. This sequence images spin 
density projected onto the y-axis. 
A key experimental development in the line-narrowing rf-gradient imaging of solid 
materials was a method of active high-power Q-switching which eliminates the coupling of the 
line-narrowing and gradient coils [5]. This coupling can be eliminated because the solenoid 
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Figure 5. Imaging orthogonal projections of the sample sketched in Figure 4 with a single 
gradient coil. Top: The x-projection is imaged with SWW-16-Gx. Bottom: The y-projection 
is imaged with SWW-16-G . 
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and quadrupole coils operate during distinct time intervals; each coil may be actively 
overcoupled to its transmission line when it is not delivering rf. To enable Q-switching, PIN 
diodes are added in series to ground with the matching capacitors of the series-tuned resonant 
LC circuits of both solenoid and quadrupole coil networks, such that when the PIN diodes are 
forward biased, that circuit is resonant. When they are back biased that circuit is overcoupled 
or "Q-spoiled". 
MULTI-DIMENSIONAL IMAGING OF SOLIDS 
The two sequences SWW-16-Gx and SWW-16-Gy have been used in the evolution 
and detection periods, respectively, ofa two-dimensional Fourier zeugmatography imaging 
sequence [12] for solids [5,13]. A phased, two-dimensional image of polyphenylene sulfide 
has been obtained using a variant of this sequence, and shows resolution of better than 500 
~Lm x 500 !-lm. These images were taken on a modified Bruker MSL-200 NMR spectrometer 
[14]. The extension to three dimensions is straightforward in principle since the Q-switching 
scheme [5] generalizes to an arbitrary number of coils, so long as only one at a time is active. 
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